Endoglucanase Cel5A from Clostridium josui contains a family 17 carbohydrate-binding module (CBM) (CjCBM17) and a family 28 CBM (CjCBM28) in tandem. These two CBMs bound to non-crystalline cellulose and -1,3-1,4-glucan. Our results indicate that the CBMs recognized different components on the cell wall of a sweet potato root. The root was cut into longitudinal sections. We used CjCBM17 and CjCBM28 fused to two different fluorescent proteins to visualize differential recognition of the plant cell wall. When they were microscopically observed, CjCBM28-fused cyan fluorescent protein (CFP) differentially bound to the root cap, but CjCBM17-fused blue fluorescent protein (BFP) did not. CjCBM17-BFP bound to the central part or the root apical meristem. These results suggest that CjCBM17 and CjCBM28 recognize different sites of the cell wall and that the cell-wall components and the polysaccharides configuration in the cell wall differ between tissues.
Noncatalytic carbohydrate-binding modules (CBMs) target enzymes to specific insoluble polysaccharides, such as celluloses and hemicelluloses, and enhance catalytic efficiency by increasing the effective concentration of enzymes on the surface of an insoluble substrate. CBMs are now classified into 59 families on the basis of amino acid sequence similarity (http: //www.cazy.org/). Recently, CBMs were classified into types A, B, and C on the basis of their complementarity to a particular ligand. Type A CBMs recognize crystalline surfaces, type B CBMs accommodate single glucan chains, and type C CBMs are lectin-like. 1, 2) This classification of CBMs is based on structural and functional similarities.
Plants have several complex structures to resist assault on their structural sugars by microbes and animals. Their cell walls are covalently cross-linked, and even the linkage between cellulose and the other cell-wall polymers has the strength of a covalent bond.
3)
The plant cell wall consists of a primary wall, a middle lamella, and in some cells a secondary wall. 4) Using fluorescently tagged CBM17 and CBM28 derived from Clostridium cellulovorans and Bacillus sp. 1139 respectively, McLean et al. found that CBM17 and CBM28 recognize distinct substructures within amorphous cellulose. 5) Recently, such labeled CBMs have been used as molecular probes to study the architecture of plant cell walls. [5] [6] [7] [8] The endoglucanase Cel5A from Clostridium josui contains a family 17 CBM (CjCBM17) and a family 28 CBM (CjCBM28) in tandem. 9) Both family 17 and family 28 CBMs from C. josui are type B CBMs. These CBMs have different mechanisms of binding to cellooligosaccharides, as reported previously, 9) but there was no marked difference between the substrate specificities of CjCBM17 and CjCBM28 because they both bind to amorphous cellulose. 9) In this study, we found that CjCBM17 and CjCBM28 recognized different cell wall sites in sweet potato roots. In particular, CjCBM28 bound effectively to root cap cells (border cells).
Materials and Methods
CBM macroarray assays. These macroarray assays were carried out as described by McCartney et al.
6) The CjCBM17 and CjCBM28 proteins were prepared as reported previously.
9) The substrates used were carboxymethylcellulose (CMC; Sigma-Aldrich, St. Louis, MO), methylcellulose (MC; Sigma-Aldrich), oat-spelt xylan (Fluka, Buchs, Switzerland), birchwood xylan (Fluka) and starch (Kanto Chemical, Tokyo), pectin from citrus (Nacalai Tesque, Kyoto), -D-glucan from barley (mixed-linkage -1,3-1,4-glucan; Sigma-Aldrich), laminarin from Laminaria digitata (-1,3-glucan; Sigma-Aldrich), lichenan from Cetraria islandica, (practical grade; mixed-linkage -1,3-1,4-glucan; Sigma-Aldrich), and xyloglucan oligosaccharides from tamarind seed (Glc4Xyl3, XXXG; Tokyo Chemical, Tokyo), and xyloglucan from tamarind seed (Megazyme, Wicklow, Ireland). These polysaccharides were applied as 1 ml aliquots to untreated nitrocellulose sheets (Millipore, Tokyo) in a 5-fold dilution series. After the sheets had been left to dry at room temperature (RT) for at least 30 min, they were blocked for 1 h with 5% w/v milk protein (skim milk; Morinaga Milk, Tokyo) in 1Â phosphate-buffered saline (PBS; prepared from a 10Â stock solution containing 80 g of NaCl, 2 g of KCl, 28.6 g of Na 2 HPO 4 12H 2 O, and 2 g of KH 2 PO 4 in 1 liter of distilled water, pH 7.2). The nitrocellulose sheets were incubated with 12.5 mg/ml of the appropriate CBM (CjCBM17 or CjCBM28) in 5% milk protein/ PBS for at least 1 h. The nitrocellulose sheets were washed 3 times, and then incubated in a 1,000-fold dilution of anti-his horseradish peroxidase (anti-his HRP) conjugate (Qiagen, Hilden, Germany) in y To whom correspondence should be addressed. Tel: +81-59-231-9619; Fax: +81-59-231-9684; E-mail: karita@bio.mie-u.ac.jp Abbreviations: CFP, cyan fluorescent protein; BFP, blue fluorescent protein; CBM, carbohydrate-binding module; CMC, carboxymethylcellulose; MC, methylcellulose; RT, room temperature; PBS, phosphate-buffered saline; HRP, horseradish peroxidase; PCR, polymerase chain reaction; IPTG, isopropyl-1-thio--D-galactopyranoside; KPB, potassium phosphate buffer; BSA, bovine serum albumin 5% milk protein/PBS. After washing in water, the sheets were incubated in freshly prepared HRP substrate to detect CBM binding (5 mg of 3,3 0 -diaminobenzidine tetrahydrochloride, Wako Pure Chemical, Tokyo, and 0.005% H 2 O 2 in 10 ml distilled water). The reaction was stopped by washing the nitrocellulose sheets with water.
DNA amplification and cloning. Fragments of DNA encoding the respective C. josui CBMs were amplified by polymerase chain reaction (PCR). The primers used in this study contained either an artificial BamHI or an artificial EcoRI restriction endonuclease site (underlined) in order to facilitate cloning of the amplified DNA fragments into pRSET/BFP and pRSET/CFP (Invitrogen, Carlsbad, CA). The following oligonucleotide primers were used to amplify the coding regions for CjCBM17 and CjCBM28 by PCR: CjCBM17F: AAGGATCCATCGAGGGAAGGTGGTCTCTTACAAATAAGAA, CjCBM17R: AAGAATTCTCAGTACAGTTATATCAAGTGAAAT-AACAT, CjCBM28F: AAGGATCCATCGAGGGAAGGCGTGCTG-TGGTAGAAGCA, and CjCBM28R: AAGAATTCTCATTCAAACC-TGATATTATCCAAGT. The amplified PCR products were then cloned into pCR2.1 (Invitrogen). The inserted DNA fragments were first sequenced to confirm the absence of mutation, then digested with BamHI and EcoRI, and finally ligated into pRSET/BFP and pRSET/ CFP that had been digested with the same restriction enzymes. Escherichia coli INV (Invitrogen) and E. coli BL21(DE3) (Toyobo, Kyoto, Japan) were used as cloning host and expression host respectively. pCR2.1 was used in cloning the PCR products, and pRSET/CFP and pRSET/BFP were used in the expression of recombinant His-tagged proteins fused with the fluorescent protein.
The CjCBM17-pRSET/BFP and CjCBM28-pRSET/CFP plasmids were constructed for the expression of recombinant proteins CjCBM17-BFP and CjCBM28-CFP respectively.
Fluorescent protein expression and purification. E. coli BL21(DE3) cells harboring CjCBM17-pRSETBFP and CjCBM28-pRSETCFP were aerobically cultured at 37 C in 1 liter of Luria Bertani (LB) broth supplemented with ampicillin (50 mg/ml); the cells were allowed to grow to an optical density of about 0.5 at 600 nm. After the addition of isopropyl-1-thio--D-galactopyranoside (IPTG) to a final concentration of 1 mM, the cells were incubated for an additional 3 h. They were then harvested by centrifugation (4;000 Â g) for 15 min, washed, and disrupted by sonication. His-tag purification was carried out as reported previously.
9) The protein concentrations were determined by Bradford protein assay (Bio-Rad, Hercules, CA).
Preparation of plant material and microscopic observation. This study was carried out as described by McCartney et al. 10) Sweet potatoes (Beni azuma) were grown from a seedling in water for 1 week, when voluble stems were obtained. When the root lengths reached approximately 2 cm, 1-cm lengths of them were cut and used as fixation samples. Root apices were fixed for 5 min in 50 mM sodium phosphate buffer (pH 7.2) containing 3% paraformaldehyde, in 50 mM sodium chloride with vacuum infiltration, and then for 4 h on ice. The samples were then dehydrated in an ethanol series consisting of 30%, 50%, and 70% ethanol (20 min each at 4 C); 80%, 90%, 95%, 99%, and 100% ethanol (20 min each at RT); and 30%, 60%, and 80% t-buthanol in 100% ethanol (20 min each at RT). They were then transferred to 55 C, allowed to warm, transferred to 100% t-buthanol for 20 min and then to 100% t-buthanol and liquid paraffin (1:1), and incubated for 4 h. They were transferred 3 times to high-melt paraffin for 1 h each at 65 C and left overnight at 65 C. They were then placed in sample moulds filled with melted paraffin and allowed to solidify in ice water. Ten-mm-thick longitudinal sections were cut through the roots and collected on polylysine-coated microscope slides (Frontia Matsunami Glass, Tokyo), deparaffined in a series consisting of xylen (twice for 5 min each); 100%, 99%, 95%, 90%, 80%, 70%, 50%, and 30% ethanol (1 min); 20 mM potassium phosphate buffer (KPB; pH 7.0; 10 min); and 20 mM KPB (30 min). For CBM labeling, the root sections were incubated in 20 mM KPB containing 0.25% w/v bovine serum albumin (BSA) and 40-100 mg/ml of the appropriate fluorescent-labeled CBMs for 15 min. They were then washed in 50 mM KPB at least 3 times. They were observed on an Axioskop 2 Plus Zeiss microscope. The images were captured using an AxioCam HRC Plan-Neofluar camera.
Sweet potato petioles were sectioned by hand. The transverse section of the materials was approximately 100 mm thick. They were blocked and incubated in fluorescent-labeled CBMs as described above, and observed using an Axioplan 2 imaging Zeiss microscope. The images were captured with a Roperscientific Micro-Max 1401 E-RS camera. The images of CjCBM17-BFP and CjCBM28-CFP were captured and then overlapped.
Results and Discussion
Substrate specificity of CjCBM17 and CjCBM28 In this study, we used macroarray assays to investigate the binding specificities of CjCBM17 and CjCBM28 because the specificity could not be detected by native electrophoresis in a previous study (Fig. 1) . 9) When applied at up to 1 mg/dot, both CBMs bound to CMC, oat-spelt xylan, lichenan, and -D-glucan from barley, but not to pectin, birchwood xylan, tamarind xyloglucan oligosaccharides, or laminarin. CjCBM28 bound most effectively to -1,3-1,4-glucan from barley (detection limit, 0.32 ng), whereas CjCBM17 bound effectively to CMC, -1,3-1,4-glucan, and xyloglucan (detection limit, 8 ng). CBM 28 derived from Bacillus sp. 1139 also bound to -1,3-1,4-glucan from barley. 11) In the present study, CjCBM28 bound to -1,3-1,4-glucan preferably to CMC. The substrate specificity of CjCBM17/28 has been studied by native electrophoresis.
9) CjCBM17/28 bound to CMC and oat-spelt xylan, but not to birchwood xylan. These specificities were the same as those obtained in the macroarray assays.
Binding of CjCBM17 and CjCBM28 to the cell wall of sweet potatoes CjCBM17-BFP and CjCBM28-CFP were allowed to bind to the serial longitudinal sections through the root apex (Fig. 2) . CjCBM17-BFP bound to the central part CBM macroarray assays of the binding of CjCBM17 and CjCBM28 to a series of polysaccharides. Samples were applied to nitrocellulose in the dilution series indicated and probed with 12.5 mg/ml of the appropriate CBM.
and apical meristem of the root (Fig. 2B and F) . When the serial sections were observed from the outside, we found that CjCBM17-BFP did not bind to the central part of the root on the cortex (Fig. 3I a) . CjCBM17-BFP bound to the central part when the serial sections were observed from the inside (Fig. 3I d) . Thus CjCBM17-BFP might bind to the central column of the root. As compared to CjCBM17-CFP, CjCBM28-CFP uniformly bound to the cell wall. In particular, we observed that it bound strongly to the root cap (Figs. 2D and 3II) . The root apical meristem produces new cells from within and the root cap cells (border cells) slough off from the outside. CjCBM28-CFP also bound to the border cells that sloughed off. It is possible to modify the structure of the secreted pectin so that a hydrated protective coating forms around the growing root tip, 12) but CjCBM28 might not bind to that slime because it did not bind to pectin (Fig. 1) . The middle lamella plays a role in the binding of cells with pectin. Uheda et al. reported that treatment with buffers at neutral pH weakened both the adhesion between large cells and the mechanical properties of the cell wall, with resultant expansion and subsequent separation of the cells from the root. 13) After this separation of cells from the root cap, the materials in the middle lamellar disappeared completely. 13) In the present study too, 50 mM sodium phosphate buffer at pH 7.2 was used to wash the roots. Therefore, the cells might expand and separate from the root. Blake et al. reported that after pectinase treatment, there was a slight increase in the binding of BspCBM28 to cell corners. 6) In our study, when sweet potato petioles sectioned by hand were used, CjCBM28-CFP bound to primary cell walls in the corner of the cell junction (the middle lamella) (Fig. 4) . Thus, CjCBM28 might easily bind to the primary cell wall of border cells, because border cells disappear from the middle lamella. Further, in the petioles sectioned by hand, CjCBM28 bound strongly to the broken cell walls. Since the border cells also separated from the root cap, cell death occurred with the extrusion of cellular contents through the breaks in the wall. 14) This explains why CjCBM28 might preferentially bind to the root cap (border cells). These results correlate with the shallow cleft in the structure of CBM28. 6) On the other hand, CjCBM17-BFP did not bind to the root cap. CjCBM17-BFP bound to the central part or the root apical meristem.
In vitro studies have indicated that CBM17 derived from Clostridium cellulovorans and BspCBM28 recognizes different regisons of amorphous cellulose. 15) In macroarray assays, CjCBM28 bound more effectively to -1,3-1,4-glucan from barley than CMC. Hence, it is difficult to say that CjCBM17 and CjCBM28 bind only to cellulose in vivo. These results suggest that CjCBM17 and CjCBM28 recognize different cell wall components and different structures of polysaccharides in the cell walls of different tissues.
The anaerobic fungus Piromyces equi has two copies of CBM29: CBM29-1 and CBM29-2.
16) Each of the two copies of CBM29 binds to mannan, cellulose, and glucomannan. CBM29-1-2 binds to plant material, whereas alone CBM29-2 does not. 7) It has been suggested that CBM17 and CBM28 also occur in tandem because of a duplication event. However, we report that each CBM has a different binding ability, and that each one can bind different parts of the plant material by itself. Fig. 4 . Binding of CjCBM17-BFP and CjCBM28-CFP in Transverse Sections of Sweet Potato Petioles. These images of CjCBM17-BFP and CjCBM28-CFP bound to transverse sections of sweet potato petioles were captured and then overlapped. The image shows intercellular junctions of sweet potato petioles. CjCBM28-CFP bound to junction/middle lamellae is indicated by an arrow. Scale bars, 10 mm.
